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published online 6 April 2007
Hematite films were deposited by magnetron sputtering. A phase transformation from hematite to
magnetite occurred when polystyrene PS coated hematite films were annealed above 200 °C in
hydrogen flow. Giant negative magnetoresistance MR was observed with the best MR ratio of over
8% at room temperature and in a field of 5.5 T found in samples annealed at 230 °C. The
temperature dependence of the resistivity is characteristic of intergranular tunneling. After the PS
layer was removed and the films annealed again at 230 °C in hydrogen flow, the resistivity
increased by about one order of magnitude and the MR ratio decreased to 4.3%. These data show
that PS coating layer can protect magnetite films from oxidation and enhance interganular
spin-dependent tunneling magnetoresistance. © 2007 American Institute of Physics.
DOI: 10.1063/1.2712031
I. INTRODUCTION
There has been increased interest in the half-metallic
magnetite Fe3O4 as its highly spin polarized nature sup-
posedly 100% and high Curie temperature TC840 K
are desirable for spin electronic device applications.1,2 In
principle, a high spin polarization should result in large tun-
neling magnetoresistance TMR, since the latter arises from
spin-dependent transport between the ferromagnetic FM
electrodes of tunnel junctions, or FM grains of granular sol-
ids, and is proportional to the spin polarization of the tunnel-
ing electrons.3–5 Many studies have focused on the MR ratio
in the magnetite of different forms including epitaxial and
polycrystalline films, powders, and tunnel junctions.6–10 Un-
fortunately, in most cases the MR ratio is much smaller than
expected, especially at room temperature. In fact, it is well
known that in polycrystalline specimens and powder com-
pacts of magnetite, the surfaces or interfaces at the grain
boundaries have rather different magnetic properties and re-
duced spin polarization than the bulk.11–14 This is a conse-
quence of the off-stoichiometry, surface reconstruction,
strain, defects, and bonding effects located at or close to the
surfaces and interfaces. We have previously reported that
polystyrene PS coated magnetite nanoparticles exhibit
drastically enhanced intergranular tunneling
magnetoresistance.15 The large TMR results from the better
protection of the surfaces of Fe3O4 from oxidation by the PS
coating. In this article we report our investigation of magne-
tite films, where PS coating was applied to the entire film
rather than individual particles. The TMR is enhanced over
uncoated films and reaches 8% at an applied field of 5.5 T at
room temperature.
II. RESULTS AND DISCUSSION
Iron oxide films were deposited on glass substrates at
room temperature by magnetron sputtering an iron target in a
mixture of argon and oxygen gases. The base pressure of the
chamber was lower than 210−7 Torr, and the pressure dur-
ing the deposition was about 110−5 Torr. The thickness of
the films was about 180 nm. To coat the polymer layer, PS
was first dissolved in xylene, then the solution was dropped
on the films. After evaporating the solvent, a thin layer of PS
was formed on the iron oxide films. The samples were then
annealed in pure hydrogen flow.
X-ray diffraction XRD spectra were collected with a
Philips X’Pert diffractometer using Cu K radiation. Figure
1 shows the diffraction pattern of uncoated samples. The
as-deposited samples are of hematite structure Fig. 1a.
When they were annealed above 300 °C in pure hydrogen
flow, a phase transformation occurred and the XRD pattern
Fig. 1b indicates that it should be magnetite or -Fe2O3,
although the two are often hard to distinguish from XRD.
For PS coated iron oxide films, this transformation occurred
when the annealing temperature was slightly higher than
200 °C.
The resistance R of the samples was measured with a
standard four-point method. The as-deposited samples are
insulators. After annealing in pure hydrogen, the films be-
come conducting. Knowing that -Fe2O3 is an insulator, the
films after reduction in hydrogen are magnetite.
Figure 2a shows the temperature dependence of the
resistance for a PS coated sample annealed at 230 °C. It
exhibits an exponential increase with decreasing tempera-
ture. In Fig. 2b, R is plotted in a logarithmic scale as a
function of T−1/2. The linear behavior suggests that the trans-
port mechanism is intergranular tunneling.5
The magnetoresistance of the samples was measured in a
Quantum Design physical property measurement system up
to a magnetic field of 5.5 T. The magnetic field was applied
perpendicular to the current direction. Negative giant mag-
netoresistance was observed and the MR ratio increases with
increasing annealing temperature for the PS coated samples.
The best MR ratio is over 8% at room temperature in anaElectronic mail: wwang1@uno.edu
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applied field of 5.5 T for the sample annealed at 230 °C
Fig. 3a. However, after the PS layer was removed and the
sample annealed again at 230 °C in hydrogen flow, the re-
sistance of the sample increased by more than one order of
magnitude and the MR ratio decreased down to 4.3%, which
is similar to most of the reported data on pressed magnetite
powders and polycrystalline films. The MR ratio in such ma-
terials is typically about 4%–5% or lower at room
temperature.9,16–18 This result indicates that although hydro-
gen of 99.999% purity was used in the annealing, the oxida-
tion of the films at the grain boundaries was unavoidable,
owing to the trace oxygen about 2 ppm when the PS cover
was removed.
We believe that the oxidation should occur on the sur-
face or at the grain boundaries of the film because it is well
known that the surface state of magnetite is different and
more oxidized than the bulk. X-ray photoelectron spectros-
copy XPS study of molecular beam epitaxy MBE-grown
magnetite films indicates that the top two layers of surface
are rich in Fe III compared to the bulk.19 Coating a PS layer
on the iron oxide films can prevent the films from oxidation,
thus limiting the degree to which the surface of Fe3O4 grains
is altered away from the half-metallic state by oxidation.
Therefore, the MR ratio of the samples with the PS coating
layer is much higher than the samples without it. It also
lowers the temperature at which the reduction takes place
because PS should allow hydrogen to readily diffuse through
but block most of oxygen. As mentioned earlier, the transfor-
mation temperature from hematite to magnetite decreases to
200 °C for PS coated films. Between 200 and 230 °C, the
increase of the annealing temperature favors the transforma-
tion to magnetite, resulting in the improvement of MR ratio.
Figure 4 shows the temperature dependence of MR ratio
in an applied field of 5.5 T for the sample annealed at
230 °C. In magnetite, there is a Verwey transition which is
characterized by an increase in resistivity by about two or-
ders of magnitude at the transition temperature TV120 K.
In our sample, MR ratio increases with the decrease of tem-
perature above Verwey transition; however, it decreases be-
low the transition. The drop of MR ratio below the Verwey
FIG. 1. X-ray diffraction pattern of iron oxide films a as-deposited and b
annealed at 310 °C in hydrogen flow.
FIG. 2. Resistance as a function of temperature for PS coated sample an-
nealed at 230 °C: a log R-T plot and b log R-T−1/2 plot.
FIG. 3. Magneroresistance as a function of magnetic field for PS coated
samples annealed at 230 °C: a with PS coating and b without PS coating.
FIG. 4. Temperature dependence of MR ratio in an applied field of 5.5 T for
PS coated sample annealed at 230 °C.
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point is probably attributed to the rapid increase in the resis-
tivity of magnetite, which diminishes the spin-dependent
tunneling current.15
For PS coated iron oxide films, the MR ratio sharply
drops to about 0.5% after annealing at 240 °C. The tempera-
ture dependence of the resistivity exhibits metallic behavior,
which suggests that there may be precipitated metallic iron at
this annealing temperature.
For the uncoated iron oxide films annealed at 310 °C,
the MR ratio is only about 2.1% at room temperature. We
believe that this is because, although the annealing leads to
the transformation from hematite to magnetite, the oxidation
at grain boundaries of the films is unavoidable during cool-
ing after the annealing, which reduces the MR ratio.
III. CONCLUSIONS
In summary, our experiments show that a PS layer can
protect magnetite films from oxidation and enhance the spin-
dependent intergranular tunneling magnetoresistance.
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